The present study aimed to develop an objective evaluation procedure to estimate 23 plasma membrane integrity, acrosomal integrity, and mitochondrial membrane potential 24 of bull spermatozoa simultaneously by flowcytometry. Firstly, we used frozen-thawed 25 semen mixed with 0%, 25%, 50%, 75% and 100% dead spermatozoa. Semen was 26 stained using three staining solutions: SYBR-14, propidium iodide (PI), and 27 phycoerythrin-conjugated peanut agglutinin (PE-PNA), for the evaluation of plasma 28 membrane integrity and acrosomal integrity. Then, the characteristics evaluated by 29 flowcytometry and by fluorescent microscopy were compared. In terms of the results, 30 the characteristics of spermatozoa (viability and acrosomal integrity) evaluated by 31 flowcytometry and by fluorescent microscopy were similar. Secondly, we attempted to 32 evaluate plasma membrane integrity, acrosomal integrity, and also mitochondrial 33 membrane potential of spermatozoa by flowcytometry using conventional staining with 34 three dyes (SYBR-14, PI, and PE-PNA) combined with MitoTracker Deep Red 35 (MTDR) staining (quadruple staining). Then, the spermatozoon characteristics 36 evaluated by flowcytometry using quadruple staining were compared with those of 37 staining using SYBR-14, PI, and PE-PNA and staining using SYBR-14 and MTDR. 38 From the obtained results, there were no significant differences in all characteristics 39 (viability, acrosomal integrity, and mitochondrial membrane potential) evaluated by 40 quadruple staining and the other procedures. In conclusion, quadruple staining using 41 SYBR-14, PI, PE-PNA, and MTDR for flowcytometry can evaluate plasma membrane 42 integrity, acrosomal integrity, and mitochondrial membrane potential of bovine 43 spermatozoa simultaneously.
Introduction
Artificial insemination (AI) using frozen-thawed bull semen is a generally used 50 technique for the reproduction of dairy and beef cattle. It was reported that the 51 improvement of frozen-thawed semen quality, such as motility, malformation, and 52 concentration of spermatozoa in semen, was positively correlated with the pregnancy 53 rate (Brito et al., 2002) . Semen collected from bulls is diluted, cooled, and frozen for 54 long-term storage until insemination into the female genital tract. All processing steps 55 of semen cryopreservation may induce damage to the plasma membrane and cellular 56 structure of spermatozoa (Hammerstedt et al., 1990; Silva & Gadella, 2006; Watson, 57 2000) . Therefore, the evaluation of spermatozoon characteristics by laboratory assays 58 is very important to achieve a high pregnancy rate by AI using frozen-thawed semen. 59 There are several reports dealing with criteria for the evaluation of various 60 spermatozoon characteristics: motility, viability, morphological abnormality, and 61 organelle functions (Den Daas et al., 1998; Linford et al., 1976; Söderquist et al., 1991;  62 Thomas et al., 1998) . However, most of the evaluation methods in these reports are 63 subjective because they are achieved by microscopic observation and the obtained 64 results may fluctuate depending on the practitioner. Therefore, objective and 65 quantitative methods should be chosen for the evaluation of spermatozoon 66 characteristics. Moreover, it is thought that the results from any single laboratory 67 assay will not effectively estimate the fertilizing potential of a semen sample (Graham 68 & Mocé, 2005); therefore, combined multiple assays are necessary to estimate the 69 characteristics of spermatozoa more accurately.
70
Recently, flowcytometry has been used as an objective tool for evaluating multiple 71 characteristics of a large number of spermatozoa (Vincent et al., 2012 In the present study, we aimed to develop an objective evaluation procedure for 95 plasma membrane integrity, acrosomal integrity, and mitochondrial membrane potential Frozen semen, which was diluted with egg yolk-Tris-glycerol (6%) extender and packed 102 in 0.5-ml straw, derived from the same ejaculates of 5 Holstein bulls donated from 103 Genetics Hokkaido Association (Sapporo, Japan), were used for this study. The semen 104 was thawed at 37˚C for 45 sec in water and expelled into a 1.5-ml tube. The thawed 105 semen was used for different staining, as follows. Dead spermatozoa used in 106 experiment 1 were prepared by thawing at 37˚C in water and refreezing in liquid 107 nitrogen twice.
109
Double staining for evaluation of mitochondrial membrane potential 110 Staining solution was prepared as described in a previous study (Hallap et al., 2005) . quadruple staining was performed as described in Fig. 1 . Briefly, particles stained with 144 SYBR-14 or PI were judged as spermatozoa ( Fig. 1 A) . Spermatozoa were divided 145 into 2 groups (live and dead) by PI emission (Fig. 1 B) In experiment 1, frozen-thawed semen was mixed with 0%, 25%, 50%, 75%, and 100% Table 3 . There were no significant differences in all 209 characteristics evaluated by quadruple staining and the other procedures (P > 0.05).
210
By quadruple staining, more than 95% of the live spermatozoa having an intact 211 acrosome showed high mitochondrial membrane potential. In addition, more than 212 95% of dead spermatozoa having an intact acrosome showed low mitochondrial 213 membrane potential. (Celeghini et al., 2007; Somfai et al., 2002) . In spite 230 of evaluating a large number of spermatozoa, quite a small population of this type of 231 spermatozoa may indicate that spermatozoa die immediately after damage to the 232 acrosome.
233
In the present study, the viability, acrosomal integrity, and mitochondrial membrane Gadella, 2006) . In the present study, most of the live spermatozoa had high 240 mitochondrial membrane potential, while the dead spermatozoa showed a low one.
241
Low mitochondrial membrane potential indicates a decrease or lack of ATP production.
242
A decrease of ATP production may become a cause of spermatozoon death without 243 acrosomal damage. Mitochondrial activity is crucial and correlates with the 244 fertilization ability of spermatozoa (Amaral et al., 2013) . In further study, the 245 relationship between fertility and spermatozoon characteristics as evaluated by 246 flowcytometry using quadruple staining should be carried out.
247
A staining method to estimate the viability of spermatozoa, acrosomal integrity, and Celeghini et al., 2007) . However, in this previous study (Celeghini et al., 2007) , only 251 hundreds of spermatozoa could be evaluated subjectively. On the other hand, the 252 method developed in the present study enables the objective estimation of more than 253 10,000 sperm by flowcytometry in a short time. This means that the characteristics of 254 spermatozoa can be evaluated more accurately and quickly than ever by our procedure. Items stained with SYBR-14 and propidium iodide (PI) were distinguished as spermatozoa and 334 gated from all events (area in red line; A). Gated spermatozoa were divided into live and dead 335 clusters (B) followed by classification into 4 groups (Q1-4) by acrosome integrity and 336 mitochondrial membrane potential in live (C) and dead (D) spermatozoa. 337 Q1: damaged acrosome with low mitochondrial membrane potential, Q2: damaged acrosome 338 with high mitochondrial membrane potential, Q3: intact acrosome with low mitochondrial 339 membrane potential, and Q4: intact acrosome with high mitochondrial membrane potential. Values are mean ± standard deviation (5 bulls/group).
9
* Mixed ratio of frozen-thawed semen and dead spermatozoa. Total of low mitochondrial activity 33.9 ± 1.5 -32.1 ± 1.5
Values are mean ± standard deviation (4 replicates).
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